Abstract. Sleep is a conserved behavior across the evolutionary timescale. Almost all known animal species demonstrate sleep or sleep like states. Despite extensive study, the mechanistic aspects of sleep need are not very well characterized. Sleep appears to be needed to generate resources that are utilized during the active stage/wakefulness as well as clearance of waste products that accumulate during wakefulness. From a metabolic perspective, this means sleep is crucial for anabolic activities. Decrease in anabolism and build-up of harmful catabolic waste products is also a hallmark of aging processes. Through this lens, sleep and aging processes are remarkably parallel-for example behavioral studies demonstrate an interaction between sleep and aging. Changes in sleep behavior affect neurocognitive phenotypes important in aging such as learning and memory, although the underlying connections are largely unknown. Here we draw inspiration from the similar metabolic effects of sleep and aging and posit that large scale metabolic phenotyping, commonly known as metabolomics, can shed light to interleaving effects of sleep, aging and progression of diseases related to aging. In this review, data from recent sleep and aging literature using metabolomics as principal molecular phenotyping methods is collated and compared. The present data suggests that metabolic effects of aging and sleep also demonstrate similarities, particularly in lipid metabolism and amino acid metabolism. Some of these changes also overlap with metabolomic data available from clinical studies of Alzheimer's disease. Together, metabolomic technologies show promise in elucidating interleaving effects of sleep, aging and progression of aging disorders at a molecular level.
Introduction
For the first time in human history, most people of the world are expected to live beyond 60 years [1]. Such an achievement is possible due to low infant mortality in low income countries and declining mortality in old age population from high income countries [2] . The aging population will bring significant challenges in maintaining a healthy population. Aging is a leading risk factor in common diseases including cancer, cardiovascular disorders, metabolic and neurodegenerative diseases [2] . The display lower sleep efficiency [5, 6] . Lack of sleep could be attributed a potential reason behind memory impairment with aging. The role of healthy sleep in memory consolidation and stabilization of formed memories is well documented [7] . Specifically, slow wave sleep (SWS) is thought to contribute to consolidation of acquired memories while rapid eye movement (REM) is important for stabilization of the transformed memories [7] . For example, Mander et al. has demonstrated that lack of SWS in cognitively normal older adults originates from grey matter atrophy of medial prefrontal cortex that results in impaired long-term memory [8] . Moreover, sleep has been shown to be crucial in clearing brain wastes that could otherwise be accumulated and result in typical aging pathologies such as Alzheimer's disease [9] . Sleep, or lack thereof, has also been shown to be crucial in incidental development of Alzheimer's disease for at least a subset of patients [10] . It has been postulated that sleep and AD maintains a bidirectional relationship. For example, prolonged wakefulness is thought to increase orexin production and sympathetic output, leading to excessive neuronal activity and decreased glymphatic clearance, respectively. Elevated neuronal activity leads to A␤ production while its clearance decreases, leading to AD pathologies, which, in turn leads to lack of nighttime sleep and excessive daytime sleepiness [11] .
Recent studies reveal that metabolic processes are central regulators of aging processes [12] as well as correlated with sleep [13] . Processes that impact metabolic activity such as caloric restriction have been shown to improve aging related parameters such as disease onset and mortality [14] . On the other hand, metabolic nutrient sensing by mTOR (amino acids), Sirtuins (NAD+/NADH) and AMPK (AMP/ADP) have been shown to regulate cellular and organismal processes such as mitochondrial respiration [15] , autophagy [16] , growth [17] and lifespan [18] that are known to control aging and longevity.
The importance of sleep in factors that control organismal well-being is unquestionable, although the mechanism by which sleep regulates such factors is not clearly understood. Sleep is perhaps the most well preserved activity throughout the evolutionary timescale [19] . From a metabolic perspective, sleep is thought to balance the catabolic activities experienced by organism during wake periods by switching to anabolic functions [20] . In turn, this metabolic role is responsible, at least partly, for the well-recognized reparatory functions of sleep [21] . The corollary hypothesis is that lack of sleep and/or sleep disorder can lead to maladaptive changes due to depleted repair activity leading to metabolic disorders such as hypertension [22] , cardiovascular diseases [23] , diabetes [24] and obesity [25] . Recent research suggests that changes imparted by loss of sleep may manifest effects that are typical in aging individuals. In humans, insufficient sleep was shown to trigger gene expression related to oxidative stress and immune response [26] . Other molecular processes related to biological aging such as DNA damage response and cellular senescence was also associated to partial sleep deprivation in humans [27] . On the other hand, neurobehavioral studies on younger and older populations have convincingly shown that young individuals are more affected by loss of sleep from perspectives of attention, cognition and learning and memory [28] . Such observation suggests that older individuals are more resistant to effects of sleep loss while younger ones are vulnerable, even demonstrating signatures of "aging-like" characteristics post sleep loss. Combining the molecular and neurobehavioral results, it is tempting to speculate that sleep loss creates a molecular milieu in young individuals that resemble aging phenotypes such as acute cognitive decline and increased response time. To this end, the global scale study of metabolites biomarkers, more commonly known as metabolomics, offers unique opportunities to capture these phenotypic transformations. For example, one can identify the combined effect of sleep and aging at a systems level with pathway level information. Moreover, quantitative metabolomics may lead to unique biomarkers representing aging-like effects of sleep loss. So far, NMR spectroscopy and mass spectrometry, often hyphenated with prior separation technologies, have served as two principal analytical platforms in the metabolomics field and both techniques offer unique advantages and are highly complementary [29] . Table 1 describes the advantages and limitations of different analytical platform mentioned in this review.
The potential of metabolomics analysis has been fairly extensively explored separately in aging studies and sleep studies across translational space. However, metabolomics studies addressing the interaction of these two factors are rare/ nonexistent. In this review, we aim to address the present status of knowledge on aging and sleep from metabolomics analysis and to explore the future potential of present knowledge in understanding the metabolic role of sleep in aging processes.
Metabolomics of healthy aging
Historically, aging has been studied using model organisms such as C. elegans, Drosophila, and rodents in addition to largely epidemiological human studies. Each species offers its own advantages. For example, investigation of lifespan across generations is easy in invertebrates and in some cases, rodents. However, the association of aging and clinical phenotypes is relevant in humans and rodents/primates with working model of relevant phenotype. Irrespective of the species, metabolomics studies have looked at either healthy aging or age-related disorders such as Alzheimer's and/or Parkinson's disease over the past decade. This section will focus on healthy aging with specific disease cases discussed in a separate section that follows.
Lifespan metabolomics studies using invertebrate models
The interplay of nutrient sensing and mitochondrial function have long been known to affect lifespan [12] , suggesting a crucial role of metabolism in controlling healthy aging and longevity [12] . Studies on humans and rodents have shown significant alterations of amino acid and fatty acid levels with age [30, 31] . Gao et al. recently demonstrated metabolic changes of life history traits in C. elegans [32] using mass spectrometry. They demonstrated that most FAs peaked during reproductive phase and remained low during larval and aging stages by independently examining amino acid (AA), fatty acid (FA) and phospholipids (PL) from differentially aged worms. Most AAs, on the other hand, were shown to increase during larval stage and early adulthood and decrease throughout the adult phase. Similar observation in a glp-4(bn2) mutant worms led to the conclusion that FA/AA profile changes during life history are independent of germline, and the authors suggest changes in FA profiles across life stages is probably driven by the aak-2 (AMPK) gene. Copes et al. reported somewhat contradictory changes in FA metabolism in older nematodes [33] . Specifically, they observed increased FA content in older animals along with other changes such as altered amino acid pool, decreased purine metabolites, changes in methylation pathway and phospholipid synthesis, increased sorbitol level with age and altered ascorbate metabolism and redox states. These changes were complemented by proteomic investigations. Specifically, changes in key transmethylation metabolite S-Adenosylmethionine (SAM) was corroborated with alteration of S-Adenosylmethionine synthetase (SAMS-1) protein [33] . The importance of lipid metabolism on nematode lifespan was further posited by Mahanti et al. using comparative NMR based metabolomics [34] . A novel endogenous steroid, DAF-12 was identified by NMR that regulates larval development, fat metabolism and lifespan. Clearly, such changes point towards biological phenomena that are known to accompany human aging including oxidative stress and nutrient imbalance. Changes in fatty acid and lipid metabolism can also correspond to altered mitochondrial activity, another factor that is associated with human and rodent aging [35] .
Aging metabolomics studies in rodents
Rodent models of aging have served to characterize the phenotypic changes such as learning and memory along with changes in metabolic physiology. In rodents, significant changes in RBC fatty acid concentration has been reported in 93 week old C57Bl/6J mice compared to 13 weeks old animals [30] . Changes in acylcarnitines along with other intermediates and substrates of fatty acid biosynthesis pathway suggest that lipid metabolism is perhaps highly sensitive towards aging related changes. Effects of lipid metabolism on aging is further affirmed as dietary intervention, such as global caloric restriction, can recover specific lipid metabolites such as lysophosphatidylcholines, sphingomyelins, tetracosahexanoic acid and cholesterol derivatives in 26 months old C57Bl/6J mice compared to ad libitum fed 26 months old animals and 3 months old animals [36] . Moreover, time restricted feeding is also shown to positively affect healthy aging by synchronizing the environmental cues of metabolism with the diurnal cycle, which in turn ameliorates typical aging disorders such as cancer and cardiometabolic disorders and affects longevity [37, 38] . Like caloric restriction, altered exercise programming has also been suggested as an intervention to positively affect healthy aging [39] . To this end, 10 metabolites have been identified in the urine of exercising Wister rats (17 months duration) that were affected by both exercising and aging [40] . Among those, 8 metabolites -arabinose, methylamine, myoinositol, pantothenic acid, threonine, GABA, leucine and creatinine -were shown to be impacted differentially by aging and exercising suggesting profiling urinary metabolome may be a simple and non-invasive way of monitoring effect of intervention protocol for healthy aging.
While sampling blood and urine offer major advantages such as quantitative biomarkers and insight to general physiology, drawing mechanistic conclusion is often complicated due to the systemic nature of total metabolite patterns observed. One of the advantages of using vertebrate models in metabolomics studies is physiological proximity to humans and availability of tissue samples, specifically those which are highly impacted by aging such as muscle and bone. Cellular mechanisms that are known to be associated with aging such as autophagy and telomere shortening can also be studied using such models. Mitochondrial swelling has been shown to be an important factor associated with loss of bone mass with aging [41] . Clearly, such effect is associated to metabolic impairments that are driven by mitochondrial activity such as glycolytic shift, nucleotide imbalance, and decreased NAD+/NADH ratio. Skeletal and cardiac muscles are also of interest in context of aging that are manifested in decreased muscle strength, increased fatigue, cardiac hypertrophy and ventricle wall thickening as individuals age. Decay in skeletal and cardiac muscle health has been associated with mitochondrial damage due to excessive oxidative stress [42] . Mitochondrial quality control is thus a crucial factor to manage the detrimental effects of aging at the cellular level which is achieved in part by mitochondrial autophagy (Mitophagy) that refers to turnover of damaged mitochondria by autophagy. Autophagy is also crucial for maintaining cardiac and skeletal muscle function [43, 44] . It would therefore be interesting to uncover the metabolic events that are linked to autophagy in those tissues. In stem cells, mitophagy was shown to be crucial in maintaining the mitochondrial rejuvenation thereby maintaining pluripotency. In fact, mitophagy deficiency was shown to alter key bioenergetics pathways such as TCA cycle and glycolysis that are associated with nuclear reprogramming [45] . Zhou et al. demonstrated that autophagy decreases with aging in both muscle and heart although mitophagy decreases only in muscle. The metabolic events associated to aging in heart and muscle also seems different. Specifically, skeletal muscle shows signature of insulin resistance (BCAA and ceramide accumulation) and fatty acid fuel inflexibility while heart showed decreased fatty acid ␤-oxidation [46] demonstrating the fact that cardiac and skeletal muscle may need differential therapeutic intervention to prevent aging related effects.
Aging metabolomics studies in humans and non-human primates
Studying aging in human population is difficult because humans are the longest living primates. Cross sectional studies from large population cohorts can be used to identify age related metabolic features after correcting for other covariates such as BMI. Such approach was adopted by Yu et al. using two population cohorts (KORA F4, Germany and TwinsUK, UK). They found several lipid species to be significantly associated with age in both cohorts among women participants [47] . The lipid species included four acylcarnitines, five phosphatidylcholines (1 C-linked and 4 O-linked) and two sphingomyelins (Supplementary information S1). These observations suggest aging specific processes such as incomplete mitochondrial fatty acid oxidation lead to measurable imprints in circulation. In addition, histidine and tryptophan were also found to be significantly changing with age [47] . The same cohort samples were used to demonstrate metabolic association of leucocyte telomere length (LTL), a key cellular phenotype of aging [48] . Specifically, 2 lysolipids, 1-stearoylglycerophosphpinositol and 1-palmitoylglycerophosphoinositol were found to be negatively associated to LTL along with two ␥-glutamylamino acids (Supplementary information S1) [48] . Altered lipid metabolism and its association with LTL is also evident from American Indian population, with 19 metabolites enriched in lipids (glycerophosphoethanolamines, glycerophosphocholines, glycerolipids, bile acids, isoprenoids, fatty amides, or L-carnitine ester, Supplementary information S1), were significantly associated with LTL [49] .
Global lipid metabolic alterations were also evident from studies conducted to discriminate centenarians and elderly individuals [50, 51] . Such studies are important in deciphering keys to healthy aging. Two phospholipids (LPC 22:6 and PC 38:6), along with ten small molecules (cotidine, histidine, lysine, threonine, aconitate, 3-hydroxybutyrate, isocitrate, malate, taurocholate, uridine) were proposed to be metabolites associated with longevity defined by attaining 80 years of age (Supplementary information S1) [52] . Stricter definition of longevity, for example, ability to attain 100 years of age, demonstrated regulatory role of lipid metabolic pathways. Specifically -five triacylglycerols, ten sphingomyelins, two phosphatdylinositols, five phosphatidylethanolamines, nine plasmalogens, five phosphatidylcholines, one lysophosphatidylcholine, two diacylglycerols and one ceramide species were found to be altered in centenarians compared to an elderly population (Supplementary information S1) [51] . Furthermore, NMR metabolomics found 6 other metabolites including phenylalanine and glutamine to be significantly different across centenarians and elderly individuals (Supplementary information S1) [51] . Another study in a similar setting demonstrated three plasmalogens (oPC 38:6, o-PC 34:1, o-PC 32:1) are replicated (Supplementary information S1), suggesting regulation of key oxidative pathways may be key to healthy aging [50] . Along with that, mechanism of longevity of centenarians may be regulated by a cellular detoxification mechanism regulated by an arachidonic acid metabolic cascade [51] . In another cross-sectional analysis Chaleckis et al. showed 14 age related metabolites in whole blood using LC-MS, 6 of which are RBC enriched [53] . This suggests RBCs play a crucial role in the aging process and deserves further investigation in this context. The 14 metabolites included 1,5-anhydroglucitol, dimethylguanosine, acetyl-carnosine, carnosine, ophthalmic acid, UDP-N-acetyl-glucosamine, N-acetyl-arginine, N6-acetyl-lysine, pantothenate, citrulline, leucine, isoleucine, NAD+ and NADP+. Of note, this study employed a HILIC based LC-MS technique and thus could not analyze many lipid metabolites. Nevertheless, their study points to typical aging phenotypes such as activity decline, changes in energy metabolism, cellular maintenance and oxidative status. Supplementary information S1 compiles relevant biomarkers from recent plasma/serum based aging metabolomics studies.
While cross-sectional studies can provide useful information, true aging biomarker studies need extensive longitudinal analysis. However, longitudinal studies are limited and difficult to span across lifetime, specifically for primates. This issue is somewhat addressed using small primate models such as common marmosets [54] . Hoffman et al. performed a longitudinal analysis of plasma metabolome from common marmosets and demonstrated specific metabolic pathways to be associated to aging that were not found in cross sectional analysis [55] . Interestingly, tryptophan and tyrosine metabolism were found among the most significant pathways. Of note, the kynurenine pathway, the major breakdown pathway of tryptophan, has been implicated in several aging related processes and disorders [56] . Overall, aging is a conglomeration of degenerative cellular processes that includes changes in mitochondrial quality and activity along with altered nutrient sensing, thereby creating a metabolic environment that leads to changes in oxidative status. To this end, specific lipid classes such as circulatory acylcarnitines and plasmalogens have been found to be enriched in response to aging (supplementary information S1). Similar enrichment in phosphatidylcholines and sphingolipids possibly suggest altered cellular membrane composition and changes in cell differentiation [57] . Other classes of enriched lipids, such as diacylglycerol, are known to be important for signaling processes [58] which are significantly affected in aging individuals [59] . Specifically, three plasmalogens, two phosphatidylcholines, tryptophan and histidine were replicated across at least two aging studies (supplementary information S1). The plasmalogens probably manifests altered oxidative status while phosphatidylcholines are indicative of membrane dysregulation. Tryptophan metabolic pathways impact different physiological processes. For example, tryptophan controls central nervous system neurotransmission via the serotonin (serotonin/melatonin) pathway. Tryptophan is also known to show immunomodulatory behavior via kynurenine pathway by producing kynurenine, an endogenous ligand of aryl hydrocarbon receptors that suppresses antitumour immune response [60] . Overall, metabolomics studies of aging indicate modulation in oxidative status, membrane dysregulation, neurotransmission and immune response. It is possible that a fraction of such changes also impact aging memory, most probably in a bidirectional manner. Some of these features overlap with metabolic changes observed in Alzheimer's disease and dementia in general (supplementary information S1, Fig. 1 ). However, any direct relationship, to the best of our knowledge, is yet to be established. On the other hand, metabolomics technologies have established that similar pathways are impacted by sleep as discussed in the next section, thereby raising the question of a common route of metabolic mediation between sleep and aging.
Metabolomic investigation of sleep and crossover with aging studies
The connection between metabolism and sleep has become increasingly established [61] . For exam- Metabolites that are replicated across multiple sleep, aging and AD studies were compared and the overlaps among them were analyzed. Tryptophan was the only metabolite found to be unique across the sets. B. Overlap of aging and AD effects of sleep loss: Metabolites that are found to be replicated across multiple sleep and at least one aging/AD studies were compared. Tryptophan and PC 36:6 were found to be overlapping between these sets. ple, sleep promoting small molecules, such as adenosine and melatonin have been extensively studied [62] [63] [64] [65] [66] . Recent advances in high throughput metabolomics technologies have resulted in deeper understanding of the link between sleep and metabolism [61] . Although sleep is conserved across evolution and several animal models for sleep study have been developed, metabolomics technologies investigating global metabolic alterations in response to sleep perturbation has been primarily explored in human clinical populations. Metabolomics research in human sleep field can be divided into two major categories -experimental sleep intervention (sleep deprivation/restriction) of healthy volunteers [67, 68] as well as chronic sleep disorders such as insomnia and obstructive sleep apnea [69, 70] . The bulk of metabolomics work has been performed on the former group and will be discussed first.
Metabolomics studies of experimental sleep deprivation
Chronic sleep disruption of healthy individuals has been associated with typical aging-like signatures across a range of neuropsychiatric measures such as cognitive decline, impaired performance and attention and memory [71] . Interestingly, younger populations are more vulnerable towards sleep loss in the above contexts compared to older populations. A group of young women (20-30 years) were shown to be more vulnerable to 4 hours of sleep loss for 3 nights compared to older women (55-65 years) when tested by psychomotor vigilance test [72] . In a remarkable parallel, rodent studies have shown that sleep deprivation induced memory loss affects young animals more than the older animals [28] . Greater susceptibility of younger individuals that reflect in worsened neurobehavioral parameters post sleep loss might stem from the fact that young age group needs more sleep compared to older individuals. However, such possibility appears somewhat improbable since older individuals usually sleep much less and more fragmented [73] . Therefore, the apparent invulnerability of the elderly people might be due to the fact that they are already adapted to less sleep and perhaps achieve a physiological homeostasis in response to the sleep loss due to aging.
Although no study, to best of our knowledge, has looked into the overlapping metabolic effects of sleep and aging, it is tempting to speculate that metabolic biochemistry is in play behind the mutual relation of sleep and aging. Recent studies have established a significant metabolic effect of sleep curtailment with a majority of those effects involves changes in lipid metabolism. Four hours of sleep restriction (SR) for five days in adult healthy volunteers showed significant alteration in plasma lipidome compared to the baseline level of same individuals [67] . Lysophosphatidylcholine (LPC), triglyceride (TG), phosphatidylcholine (PC) and acylcarnitines are among the perturbed lipid species. Specifically, the phospholipids were increased post SR while the TGs are decreased. Long chain acylcarnitines were also decreased post SR and not recovered after a single night of recovery sleep. Among the small molecules, tryptophan and phenylalanine were elevated post SR and recovered after recovery sleep. In a more acute SR paradigm, Bell et al. explored plasma metabolic changes in healthy volunteers with familial diabetic history [74] . The volunteers were allowed 5.5 h sleep opportunity on the SR night and 8 h sleep opportunity on the baseline night. Plasma metabolomics analysis on fasting samples collected post SR/baseline sleep night demonstrated significant changes in lipid metabolism. Specifically, medium chain fatty acid (caproate), carnitine (2-decenoylcarnitine), lysolipid (2-myristoylglycerophosphocholine), sterol (cholesterol, ␤-sitosterol, 7-␣-hydroxy-3-oxo-4-cholestenoate) and bile acid (deoxycholate, glycocholenate sulfate) metabolism were found to be affected. Plasma levels of most of the lipid metabolites were elevated except ␤-sitosterol. This work also reported alterations in amino acid and carbohydrate metabolism. Interestingly, they identified significant changes in tryptophan metabolism in terms of elevated serotonin and C-glycosyltryptophan [74] . We hypothesize that such profound changes in the lipid metabolism is arising in part from energy metabolism pathways [67] . Alteration in mitochondrial activity may also play a key role in such changes. Specifically, mitochondrial fatty acid oxidation was indicated to be impacted by acute sleep restriction in both healthy and diabetic individuals as evident from elevation in three specific acylcarnitines -C14:1, C18:1, C18:2 carnitines [75] In humans, connection of lipid metabolism and chronic sleep restriction was illustrated by Aho et al. using two population cohorts [76] . The ABCG1 pathway, a sterol metabolism regulating pathway [77] was found to be impacted in two separate population cohorts obtained from Finland [76] . Sleep insufficiency was assessed using individual questionnaire from the DILGOM cohort (N = 472) and the YFS cohort (N = 2221) that revealed similar fractions of individuals with subjective sleep insufficiency (18.2% and 16.2%, respectively). Serum metabolomics using NMR spectroscopy showed depletion of HDL particles across two populations manifesting detrimental effect of chronic sleep restriction on cardiometabolic health [76] .
The studies discussed to this point were performed using a sleep restriction design, where some amount of sleep opportunity is allowed. While, this design reflects the real life situation, a landmark comprehensive metabolomics study in the sleep field was done using a total sleep deprivation (SD) design [68] where the individuals were deprived of a single night's sleep. Mass spectrometric investigation on these subjects demonstrated changes in 41 lipids and other metabolites. Among the lipids, nine acylcarnitines were significantly elevated post SD, which suggests altered mitochondrial activity post-acute SD. Among others, four lysophosphatidylcholines, four sphingomyelins and 20 phosphatidylcholines were significantly elevated post total SD possibly due to changes in mitochondrial activity and membrane degeneration.. Additionally, the small molecules, tryptophan, serotonin and taurine were found to be impacted suggesting perturbation of tryptophan metabolic pathways [68] . Urine metabolome of the same subjects from Davies et al. study corroborated with the results from plasma metabolome [78] . Specifically, elevation in 3-indoxylsulfate, a tryptophan metabolite and carnitine post SD suggest prominent effect of total SD on tryptophan metabolism and lipid metabolism. Along with this, 13 other metabolites were found to be altered including elevated taurine, formate, citrate, 3-hydroxyisobutyrate, TMAO, acetate and decreased dimethylamine, 4-deoxythreonic acid, creatinine, ascorbate, 2-hydroxyisobutyrate, allantoin, 4-deoxyerythronic acid and 4-hydroxyphenylacetate [78] .
It is tempting to speculate that some of the metabolic changes imparted by sleep loss are correlated to adverse phenotypic effects of sleep loss via metabolic function; however this is difficult to test in human subjects. There is support from model systems however. Lipid metabolism was shown to be closely linked to the cognitive decline of mice after chronic sleep interruption along with purine, amino acid and retinoid metabolism [79] . In order to understand the mechanistic association of altered fatty acid metabolism and sleep, Zhan et al. undertook a rat model study using 1 H NMR spectroscopy and GC-MS. Male Sprague-Dawley rats were sleep restricted by platform in water model. Analysis of blood serum demonstrated that reduction in serum fatty acid is associated to sleep loss induced islet dysfunction [80] . Such alteration in fatty acid levels could be restored by dietary intervention [80] . However, such model could also impart stress and the results observed may in part be due to the stress. Comprehensive metabolomics analysis of rats sleep restricted for one (acute) and five (chronic) days showed somewhat different signature compared to baseline sleep [67] . Altered lipid metabolism was demonstrated as the major component of metabolic change. Specifically, sphingomyelins and phospholipids were elevated after acute SR along with several small molecules. Chronic SR seems to affect the lipidome even more by sphingomyelins, phospholipids and ceramides. Recovery sleep opportunity normalizes levels of sphingomyelins but could not recover plasmalogens. Interestingly, this study discovered to specific markers of sleep debt -namely, oxalic acid and diacylglycerol 36:3 -that were decreased in both humans and rats, suggesting the translational relevance of the results [67] . Such significant changes in lipid levels appears to be arising from changes in hepatic lipogenesis as suggested by metabolomics and gene expression analysis in same experimental regime [81] . Nicotinamide metabolism and transmethylation pathways were also perturbed in post sleep restricted liver [81] .
Sleep curtailment clearly affects the global metabolic physiology of organisms. We posit that sleep restriction/deprivation leads to a metabolic setting that could resemble aging and may serve as lead to understand the connection of sleep loss and incident neurodegenerative disorders. Comparison of some recent aging metabolomics studies [47] [48] [49] [50] [51] [52] and sleep metabolomics studies [61] reveals a striking signature of metabolic similarity. We have analyzed recent aging metabolomics literatures (Fig. 1) and compared biomarkers reported with replicated sleep biomarkers that we have previously analyzed [61] . Five metabolites were replicated across multiple sleep studies and at least one aging study (supplementary information S1). These metabolites are -carnitine C18:1, tryptophan, PC 36:6, PC 38:4 and PC 32:1. Tryptophan was also replicated across multiple aging studies (supplementary information S1). Together, these metabolites indicate changes in mitochondrial fatty acid oxidation, tryptophan metabolism and cellular membrane integrity. Some of these processes, as we will discuss in later section, are crucial in development of neurodegenerative disorders.
Metabolomic studies of sleep disorders
With regards to work on chronic sleep disorders, the picture remains less clear. Obstructive sleep apnea has been studied to some extent using metabolomics technologies. Clear evidences of perturbation of lipid metabolism are apparent [82] . OSA is known to be associated to cardiovascular morbidity and mortality [83] . Animal model studies point towards both lipid metabolic dysregulation and dyslipidemia to be potentially important for accelerated atherogenesis in OSA [84, 85] . In humans, OSA seem to elevate both fasting [86] and post-prandial lipid levels [87] . Interestingly, post-prandial hypertriglyceridemia has also been linked to elevated cardiovascular morbidity and mortality, suggesting altered lipidomic equilibrium is crucial for OSA related co-morbidities [88, 89] . Xu et al. reviewed the studies that employed mass spectrometry based metabolomics in clinical population to identify biomarkers of OSA [90] . At least 10 different studies employed mass spectrometry based techniques to identify plasma biomarkers of OSA. One of the issues that mask the discovery of a consistent biomarker panel is the variability in analytical platform. However, lipids or related metabolites still occupy a significant fraction of reported biomarkers. For example, Ferrarini et al. identified various classes of differentially expressed phospholipids (PC, PS, LPC, LPC, LPA, PE) across severe and non-severe OSA patients [91] while Engeli et al. discovered that circulating endocannabinoids strongly correlate with the blood pressure in OSA patients [92] . More recently, alteration in lipid metabolism is further evident by comprehensive metabolomics analysis of OSA patients. For example, eight metabolites were found to be differentially expressed in the urine of moderate and severe OSA patients (N = 18 and 16, respectively) compared to controls (N = 14). The metabolites included three acylcarnitines, two glycerophospholipids and two sphingomyelins [93] . Additional analysis suggested acylcarnitine C14:1, sphingomyelin 18:1 and symmetric dimethylarginine may serve as putative biomarkers for OSA. In a different study, UPLC-MS based metabolomics of urine was employed to distinguish between OSA (N = 60), simple snorers (N = 30) and healthy controls (N = 30) [69] . 24 metabolites were found to be consistently higher or lower in simple snorers and OSA patients compared to controls. Among them, combination of six metabolites (4-hydroxypentenoic acid, arabinose, glycochenodeoxycholate-3-sulfate, isoleucine, serine, and xanthine) were found to produce moderate diagnostic score between OSA and non-OSA individuals. 4-hydroxypentenoic acid, 5-dihydrotestosterone sulfate, serine, spermine, and xanthine were combined to distinguish OSA from simple snorers with a sensitivity of 85% and specificity of 80%.
Overall, recent development of metabolomics studies in the sleep field clearly suggests alterations in specific metabolic pathways that imply concerted changes. It is worth emphasizing that cross comparison of these studies is challenging due to differences in study populations, and technologies used for metabolite profiling. Nevertheless, a common pattern seems to arise in terms of changes in lipid and tryptophan metabolic pathways. These two metabolic pathways are also implicated in several aging metabolomics studies. Therefore, we expect to observe further investigations focusing on these pathways in pathologies relating to sleep and aging.
Closing the loop: Metabolomics of Alzheimer's disease (AD)
Neurodegenerative disorders such as Alzheimer's disease (AD), Huntington's disease (HD) and Parkinson's disease (PD) are related to aggressive death of brain neurons [94, 95] . Interestingly, sleep disturbance is a common problem and one of the earliest symptoms in all the above disorders [96] . Aging is also a risk factor for such diseases [97] while HD is a genetically inherited disorder [94] . Recent studies have indicated that sleep curtailment is a prominent risk factor for amyloid ␤ overload and incident neurodegenerative pathologies [9] thereby strengthening the notion that changes in rest-activity and sleep-wake cycle resulting from underlying environmental and biological factors increases the risk of AD [98] [99] [100] . Sleep disorders may also precede PD pathologies [101] . Metabolic changes are reported in all three neurodegenerative disorders by analyzing comprehensive metabolomics datasets [102] [103] [104] . However, this review will be focused on AD since a bidirectional sleep-AD pathology relationship is emerging from literature as discussed previously.
Definitive identification and treatment of AD remains elusive primarily because lack of definitive biomarkers [104] . Therefore, identification of biomarkers of different stages of AD is of paramount importance. For example, preclinical AD, mild cognitive impairment (MCI) due to AD and dementia related to AD are defined as the stages of the disease which need to be categorized for molecular disease prognosis/diagnosis. Development of metabolomics technologies led to extensive research of AD biomarkers at different stages of the disease from different parts of the world [104] [105] [106] [107] [108] [109] [110] [111] [112] . Of note, cerebrospinal fluid metabolomics analysis comprises a significant fraction of AD metabolomics literature [113] [114] [115] . However, in order to compare with sleep and aging metabolomics markers, the current discussion is limited to serum/plasma based metabolomics studies from humans, in spite of metabolomics studies on invertebrate [116] and rodents [117] models of AD.
Recently, Gonzalez-Dominiguez et al. reported three successive studies on identifying AD biomarkers in Spanish population [109] [110] [111] [112] using three different analytical techniques for each study (GC-MS, FIA-APPI-MS, DI-MS). Therefore, overlapping biomarkers can be considered analytically validated. In the DI-MS study comprising of 22 AD patients and 18 age matched controls, the AD biomarkers from fasting blood serum were enriched by phosphatidylcholines and diacylglycerols-signatures of cellular membrane breakdown [110] . Increase of membrane rigidity is long been recognized as a characteristic feature of aging [118] which may result from loss of fluid unsaturated side chains of membrane lipids. Interestingly, 50% of the PC s that are differentially expressed in AD patients were found to have two unsaturated side chains while the other 50% had one unsaturated side chain [111] (Supplementary information S1) suggesting loss of membrane fluidity with aging may also be associated with AD. Of note, REM sleep deprivation was found to decrease membrane fluidity in rat brain [119] . Lipid membrane alterations were also evident from changes in sphingomyelin metabolism [109] . In total, 8 metabolites were found to be replicated across two of these three studies. These metabolites were DG 36:3, DG 34:3, DG 36:4, oleamide, oleic acid, taurine, histidine and urea [109] [110] [111] [112] .
Interestingly, DG 36:3 was found to be a crossspecies biomarker in previous sleep restriction study in humans and rats in our previous work [67] . Diacylglycerols (DG) are known to have crucial role in neuronal signaling. DGs are precursor molecules for synthesis of endocannabinoids such as 2-archidonylglycerol (2-AG) via the action of DG lipases [120] . 2-AG is a key molecule for endocannabinoid mediated retrograde synaptic submission [120] . Imbalance in endocannabinoid signaling is known to hamper the postsynaptic transmission in AD patients [121] . DGs are also known to regulate phosphatidylcholine synthesis during membrane formation by saturating cholinephosphotransferase activity. Therefore, replicated observation of specific DGs in AD biomarker studies may suggest a concerted change in membrane structure and neuronal signaling [122] . Such replication also suggests that a specific type of lipid metabolism plays a crucial role in the development and progression of aging and related pathologies. This notion is supported in studies from other population as well. For example, at least 4 different studies in Chinese population reported alteration in serum lipids [106, 107, 123, 124] . Three metabolites were found to be replicated in at least two studies -lysoPC 18:0, lysoPC 18:2 and dihydrosphingosine (Supplementary information S1). Plasma lysoPC 18:0 was found to decrease in two studies [106, 123] which has been recently shown to increase cellular membrane rigidity in vivo [125] suggesting alteration in membrane integrity by means of changes in membrane lipid composition plays a critical role in development of AD. The role of membrane lipids in AD is also manifested by upregulation of sphingomyelin in a study based in the United States using MS based shotgun lipidomics [126] . Phospholipids are enriched within the set of lipids that are reported as AD biomarkers thus far and thus validation of these targets is worthwhile. Mapstone et al. performed a lipidomic analysis using a panel of 10 lipids that successfully predicted the phenoconversion to mild cognitive impairment or AD with over 90% accuracy [104] . 8 of those 10 lipids were phospholipids -lysoPC 18:2, PC 36:6, PC 38:0, PC 38:6, PC 40:1, PC 40:2, PC 40:6 and o-PC 40:6 (Supplementary information S1) [104] . The other two being propionylcarnitine and hexadecenoylcarnitine (Supplementary information S1). Interestingly, serum levels of other phospholipid species such as ethanolamine plasmalogens were also shown to reliably predict translation into AD [127] . Among the literature reviewed above, 8 metabolites were found to be replicated across at least two AD metabolomics studies -LPC 18:2, PC 38:6, DG 34:3, DG 36:4, palmitic acid, oleic acid, oleamide and glutamine (supplementary information S1). At a broader level, 6 circulatory lipid classes were found to be replicated and enriched among AD patients (Supplementary information S1). Among them, PCs, sphingolipids and DGs were also enriched in aging studies. This suggests that some lipidomic signatures of aging may be associated to incidences of AD (supplementary information S1). More interestingly, we identified tryptophan, PC 36:6 and taurine to be replicated across sleep and AD studies (supplementary information S1, Fig. 1 ). PC 36:6 may be of particular interest as a functional marker of sleep impact on AD since it was reported to be significantly elevated in at least two sleep deprivation/restriction studies [67, 68] and also elevated in individuals after phenoconversion to MCI/AD [104] .
Sleep loss creates a metabolic environment resembling aging and related disorders
Review of the aging, sleep and AD metabolomics literature brings out several commonalities in terms of perturbed metabolites as detailed in supplementary information S1. Several metabolites were replicated across aging metabolomics studies (Supplementary information S1, Fig. 1) . Out of the biomarker panels of those studies, six metabolites were found to be replicated across at least two studies. These metabolites are -histidine, tryptophan, PC 38:6, o-PC 32:1, o-PC 34:1, o-PC 38:6 (Fig. 1 , supplementary information S1). Such replication across independent studies clearly suggests that specific metabolic cascades are impacted by aging which probably include tryptophan metabolism and phospholipid metabolism. Enrichment of this metabolite set by phospholipids and ether lipids perhaps suggest changes in cellular membrane structure and oxidative status with age. The three plasmalogen species mentioned above were also found consistently in two studies investigating markers of healthy aging by metabolic profiling of centenarians and elederly individuals [50, 51] . This replication reaffirms the notion that maintenance of a healthy oxidative status could be the key to healthy aging. On the other hand, distinct signature of changes in tryptophan may be related to dysregulation in immune system via the kynurenine pathway [128] and neurotransmission impacting the serotonin-melatonin pathway and competition with the tyrosine dependent neurotransmitter production [129] . A similar, but not identical, set of metabolites were found to be replicated across multiple sleep studies and at least one aging study (Supplementary  information S1, Fig. 1 ). This set includes a long chain acylcarnitine, three phosphatidylcholines and tryptophan and may reveal the aging phenotype imparted by sleep loss.
On a broad spectrum, overlapping metabolic changes impacted by sleep curtailment seems to affect cellular membrane dysregulation, tryptophan metabolism and altered mitochondrial regulation (Fig. 2) . Aging leads to altered nutrient sensing and utilization leading to oxidative stress, altered mitochondrial activity, membrane disintegration and dysregulated immune system [3, 12] . Some of these effects are manifested by sleep curtailment as well. For example, sleep is thought to impact immune system by modulating redistribution of T cells and enhancing cytokine activity [130] . Role of sleep in reducing oxidative stress is also well studied [131] . From a metabolic perspective, the overlapping effects are exemplified by specific metabolites including phosphatidylcholine species and long chain carnitines (supplementary information S1). Altered mitochondrial activities could also affect tryptophan metabolism, specifically the kynurenine pathway [132] . Tryptophan metabolism is also known to be crucial for controlling sleep wake activity via the melatonin pathway [133] . On the other hand, role of tryptophan metabolism via kynurenine pathway is known to impact immune activity [128] . Taken together, metabolic changes impacted by sleep and aging has remarkable overlaps that probably represents some of the key biological processes affected by both, including oxidative stress, immune response and membrane integrity (Fig. 2) .
Similar analysis across AD metabolomics literature demonstrated existence of 8 metabolites that are replicated across multiple blood metabolomics studies from AD patients (Supplementary information S1). These metabolites are -LPC 18:2, palmitic acid, oleic acid, glutamine, PC 38:6, DG 34:3, DG 36:4 and oleamide (Supplementary information S1). This metabolite set presents clear indication of alterations in fatty acid processing, cellular membrane changes and alteration in cellular signaling. Tryptophan, PC 36:6 and taurine were replicated across multiple sleep studies and at least one AD study. Such overlap suggests some of the metabolic changes imparted by sleep loss may have implications in AD. Among them, tryptophan metabolism and cellular membrane dysregulation remain of interest. Activation of innate immune response is also viewed as a crucial disease promoting factor [134] which may be metabolically represented by changes in tryptophan levels [135] . To this end, quinolinic acid, a neurotoxin generated by kynurenine pathway was shown to be a critical factor for neuronal damage in AD [136] . On the other hand, AD, as discussed earlier, is also thought to be mediated in part by altered membrane composition manifested by changes in phosphatidylcholine species overlap between sleep loss and AD metabolic features (Supplementary information S1) .
Remarkably, we note that the metabolic changes imparted by sleep loss that resembles AD and/or aging metabolic feature seems to have commonalities. At molecular level, this is exemplified by tryptophan and PC 36:6, two metabolites that are common between sleep, AD and aging studies (supplementary information S1, Fig. 1 ). We hypothesize that sleep loss affect metabolism in a multifarious fashion. Some fraction of such effects may contribute to aging like phenotypes, which in turn could lead to AD pathologies (Fig. 2) . Overall, we posit that aging and sleep loss lead to similarly altered biological pathways including oxidative stress (acylcarnitine metabolism), immune systems, neurotransmission (tryptophan metabolism) and membrane integrity (phosphatidylcholine metabolism). Such changes lead to specific metabolic perturbation in the periphery. Moreover, some of these pathways are also related to development and progression of neurodegenerative disorders such as AD (Fig. 2) . Therefore, overlapping metabolomic signature of sleep, AD and aging offer a unique opportunity to unravel the connection between them. Moreover, analysis of such overlap would also help addressing the question from a therapeutic point of view. For example, lifestyle intervention such as regular sleep schedule may be used to healthy aging and omission (or delaying) of symptoms related to neurodegenerative disorders [137] . However, we acknowledge that the crossovers of metabolomics signature of sleep, aging and AD are still limited. Such limitations may be attributed to diversity in analytical approaches to metabolomics studies in general as discussed in the following section.
Limitations of metabolomics approaches in existing literature
While some overlapping features between sleep, AD and aging metabolomics features could be identified, we note that there are several technical challenges to such meta-analysis. Aging is associated to phenotypical changes including cognition and Fig. 2 . Interplay of metabolic changes manifested by aging, sleep loss and AD in connection to altered physiological processes. Aging and sleep loss both induces oxidative stress and disrupts immune function. In addition, aging also impacts membrane integrity. Such events are also related to AD pathologies. These changes in physiological processes are also exemplified by specific overlapping peripheral metabolic changes, in particular, changes in tryptophan metabolism and phosphatidylcholine level.
memory. To the best of our knowledge, little or no study has been conducted in the field to associate metabolomics profile to such changes. We hypothesize that a fraction of metabolic changes due to aging is associated to the decline in memory. This hypothesis could be tested in a population of elderly individuals using a longitudinal study design. Short term mechanistic studies could also be conducted in animal models. Such knowledge holds immense potential in understanding and treating age related memory decline.
Perhaps the most important reason is the different analytical techniques used across studies. In the field of sleep metabolomics, such issues are previously discussed [138] . In fact, variation in analytical platforms remain one of the major bottlenecks in the metabolomics field for validation of results across studies, partly due to different strengths and weaknesses of each platform (Table 1) . Across the six aging metabolomics studies reviewed in supplementary information S1, five different analytical platforms were used. Similarly, six different analytical platforms were used across eight AD metabolomics studies (supplementary information S1). Accordingly, the metabolites identified by these studies are of varying nature including small polar molecules to large polar and non-polar lipids. Moreover, in the field of lipidomics, extent of lipid chain length information across studies remains variable. For example, in the AD metabolomics literature reported here, two studies reported individual chain length and unsaturation of PC and DG while other two reported gross lipid chain length and unsaturation. Since sleep, aging and AD are potentially closely knit at the metabolic level as discussed in this review, investigation of these fields will become more meaningful as minimum standards are maintained across studies in terms of analytical platforms and coverage of metabolites. Hopefully, such uniformity will be achieved as the field of metabolomics matures.
Conclusion
Sleep and aging are two basic processes associated to organismal life. Physiological impacts of sleep curtailment and aging share a striking resemblance in several processes including oxidative stress and deregulation of nutrient sensing. At the metabolic level, these changes are reflected by alteration in metabolites and lipids. We reviewed the present literature and concluded that lipid and aromatic amino acid metabolism, particularly impacting phospholipids and tryptophan metabolism are two pathways commonly perturbed in both aging and sleep curtailment. Although, global metabolomics studies of sleep are still at infancy and there exists no study that follow aging and sleep jointly, we believe that lack of sleep could potentially create a metabolic milieu that may resemble aging specifically in young population. Such studies are warranted since some of the metabolic alteration associated to both aging and sleep may hold key to the progression of neurodegenerative disorders such as Alzheimer's disease. For example, phospholipid metabolism seems to be crucial for the progression, pathophysiology and prediction of AD. Therefore, both global and targeted studies are needed to characterize the overlapping features of sleep and aging along with their potential role in development of disorders typical to aged population. Recent initiatives within the metabolomics community towards standardization of experiments will also be useful in cross-comparison across the two fields.
